Introduction
Non-selective beta blockers (NSBBs) have been the mainstay treatment for portal hypertension for more than three decades ever since Lebrec et al. demonstrated the beneficial effects of propranolol on reducing portal pressure and recurrent variceal bleeding in cirrhotic patients [1] . By acting on β-1 receptors (to reduced cardiac output and splanchnic blood flow) and blocking β-2 receptors (to cause splanchnic vasoconstriction), NSBBs can effectively decrease portal venous pressure [2] . Based on several studies [3] [4] [5] [6] , NSBBs are recommended by the Baveno VI consensus for primary and secondary prophylaxis of variceal bleeding in cirrhotic patients [7] .
Despite these clinical benefits, a previous retrospective study from Sersté T et al. declared that treatment with NSBBs is associated with increased mortality in cirrhotic patients with refractory ascites [8] . Furthermore, another retrospective study also suggested the correlation between NSBB therapy and increased mortality in patients with spontaneous bacterial peritonitis (SBP) because of the development of hepato-renal syndrome [9] . However, other studies could not confirm these deleterious outcomes in NSBB users, even in those patients who went on to develop acute-on-chronic liver failure (ACLF) [10] [11] [12] [13] .
Hepatic encephalopathy (HE) is a neuropsychiatric complication associated with advanced liver disease or porto-systemic shunts. HE significantly impairs the quality of life and survival of cirrhotic patients [14] . This disease displays a wide spectrum of clinical manifestations including minor cognitive dysfunction, lethargy, and even coma [15] . In addition to hyperammonemia resulting from decreased detoxification in the liver or the presence of porto-systemic shunts [16] , inflammation, immune dysfunction, leaky intestinal barriers, and alterations in gut microbiota and their by-products (such as endotoxins) play important roles in the development of HE [17] . Considering the beneficial effects of NSBBs on gut permeability [18, 19] and systemic inflammation [11] which are closely related to HE [20] [21] [22] , we investigated the influence of this drug on the health outcomes for cirrhotic patients with HE using a population-based cohort study.
Materials and Methods

Study Design and Study Population
This population-based cohort study was conducted by retrieving data from the National Health Insurance Research Database (NHIRD) of Taiwan. Since National Health Insurance covers more than 99% of Taiwan's residents, the NHIRD is an excellent source of detailed health care data on more than 25 million enrollees. This dataset includes information for such services as outpatient, inpatient, emergency, dental, traditional Chinese medicine, and prescriptions. It also contains information about the extent of urbanization and enrollees' economic statuses that are reflected by the monthly insurance fee [23, 24] . The accuracy of diagnoses for major diseases in the NHIRD has been validated, and details regarding the NHIRD have been described in previous studies [25, 26] .
The Longitudinal Health Insurance Database (LHID), a subset of NHIRD, is a representative database containing 1,000,000 patients randomly sampled from the registry of all enrollees [27] . In this study, we used the LHID to examine patients tracked from 2000 to 2011. Adult patients aged 20 years or older with a diagnosis of cirrhosis (ICD-9-CM codes, 571.2, 571.5, and 571.6) were initially selected. Among these patients, those without a history of HE at the time of enrollment and who subsequently developed HE (ICD-9-CM code, 572.2) between January 1, 2000 and December 31, 2010 were enrolled in our study cohort. Patients were excluded if they underwent liver transplantation or were followed-up for less than 90 days. This study was approved by the Institutional Review Board of the Taipei Veterans General Hospital (IRB number: 2017-10-002CC).
Definition of Study Cohorts
Adult cirrhotic patients, who had been newly diagnosed with HE during the study period, were divided into two cohorts, based on whether or not they had been treated with propranolol for at least 90 days. To avoid biases arising from treatment with other NSBBs, we excluded patients treated with nadolol or carvedilol. Furthermore, the treated and untreated cohorts were one-to-one matched by age, sex, and propensity score.
Main Outcomes and Measurements
The untreated and treated cohorts were followed-up after diagnosis of HE or initiation of propranolol. Both cohorts were followed until the date of death or the end of 2011. The main outcomes were the overall mortality and its correlation to propranolol dosage. Furthermore, detailed causes of death and risk factors for mortality were also identified.
Assessment of and Adjustment for Confounders
Because of different baseline characteristics between the propranolol-treated and untreated groups, we performed a propensity score-matched analysis after patient selection to reduce potential biases [28] . The propensity score was calculated to assess the likelihood of being treated with propranolol using multivariate logistic regression analysis, which was conditional on the baseline covariates listed in Table 1 and other comorbidities involved in the Charlson Comorbidity Index. The Greedy 8 to 1 digit match algorithm was used to create propensity-score-matched pairs without replacement (1:1 match) [29] . 
Statistical Analysis
The Kaplan-Meier method was employed for survival analyses, and statistical significance was based on a log-rank test. Multivariate analyses and stratified analyses were carried out using a modified Cox proportional hazards models after adjusting for age, sex, and the other covariates listed in Table 1 to determine the independent risk factors for overall mortality or specific causes of death. All risk factors were treated as time-dependent variables to avoid the immortal time bias [30] . A lag time of one year was also used to avoid a detection bias and misclassification bias. The results were expressed with the estimated numbers, and the 95% confidence intervals (CIs). A two-tailed p value < 0.05 was considered statistically significant for all analyses.
Results
Identification of the Study Cohort
We identified 4,754 adult cirrhotic patients newly diagnosed with HE between January 1, 2000 and December 31, 2010. After excluding 1,984 patients who had a short follow-up period of less than 90 days and 34 patients who underwent liver transplantation, all remaining participants were divided into two cohorts according to whether or not they were treated with propranolol. As shown in Figure 1 , 765 patients receiving propranolol for less than 90 days and 75 patients prescribed with nadolol or carvedilol were excluded from the treated cohort. Likewise, 69 patients treated with nadolol or carvedilol were excluded from the untreated cohort. Patients were one-to-one match by age, sex, and propensity score, resulting in 519 patients allocated to each cohort for analysis. The mean duration of propranolol therapy was 1.18 years (standard deviation [SD]: 1.22 years). 
Demographic Characteristics of the Study Cohort
Demographic characteristics, comorbidities and socioeconomic statuses of the patients are presented in Table 1 . Both cohorts were male-predominant; however, the propranolol users were significantly younger, and their average follow-up duration was longer than its counterpart. Viral hepatitis was the major cause of cirrhosis in both groups. The propranolol-treated cohort had more cases of gastroesophageal varices and received more medical care related to cirrhosis. In contrast, the untreated cohort presented with more cases of SBP and HCC. In addition, the treated cohort had a better personal income which was reflected by the monthly insurance fee, fewer underlying diseases, and a lower value on the Charlson Comorbidity Index. Moreover, the mean (and median) propensity score for the treated and untreated cohorts were 0.45 (0.43), and 0.31 (0.29), respectively (p < 0.001). After one-to-one matching, both cohorts had similar characteristics. However, the follow-up durations for the treated cohort (median 2.3, interquartile range [IQR] 1.2-4.6 years) were still significantly longer than the counterpart (median 1.4, IQR 0.6-3.1 years) . Additionally, the mean duration of propranolol treatment in the treated cohort was 1.18±1.22 years after matching.
Overall Survival (OS) of the Study Cohort
As shown in Fig. 2A, significantly 
Multivariate Analysis
Compared to the untreated cohort, the propranolol-treated patients experienced a significantly lower risk for mortality (Hazard ratio [HR], 0.58; 95% CI, 0.46-0.72). On the other hand, patients aged 60 years or older and those with cirrhotic complications, such as ascites, gastroesophageal varices, SBP, and HCC, had a higher risk of mortality than their counterparts (Table 2) . 
Multivariate Stratified Analysis
Propranolol therapy was associated with a lower risk of mortality in most stratified analyses, including in patients who developed HCC. However, the effect was less apparent in patients younger than 50 years old, those with chronic kidney disease or dyslipidemia, and in patients who received more cirrhosis-related medical services probably because of limited patient numbers in each subgroup (Figure 3) . 
Detailed Causes of Death
Propranolol treatment reduced the risk of overall mortality in cirrhotic patients with HE. With regard to the causes of death, the risk for sepsis-related death was significantly lower in propranolol treated patients (adjusted HR: 0.31; 95% CI: 0.13-0.71; p=0.006) compared to the untreated patients. On the other hand, the treated cohort also had a reduced risk for other causes of death but without statistical significance. This included mortality related to liver failure (adjusted HR: 0.77; 95% CI: 0.53-1.11), variceal bleeding or upper gastrointestinal bleeding (adjusted HR: 0.83; 95% CI: 0.20-3.51), HCC (adjusted HR: 0.98; 95% CI: 0.56-1.71), and circulatory failure (adjusted HR: 0.24; 95% CI: 0.06-1.06).
Discussion
This nationwide population-based study examined for the first time about the prognostic effects of propranolol on cirrhotic patients with HE. Our study yielded two conclusions. First, we demonstrated the dose-dependent beneficial effects of propranolol on OS in cirrhotic patients with HE. Second, the use of propranolol was associated with a reduced risk of sepsis-related death in these patients.
HE is characterized by cognitive impairment commonly identified in patients with advanced liver disease or cirrhosis. It was shown to impair the survival of these patients remarkably [31, 32] . Besides, HE may even provide additional prognostic information independent of the MELD score [32] . Hyperammonemia is crucial in developing HE by causing astrocyte swelling and cerebral edema [14, 20, 21] . However, recent evidence suggests that oxidative stress, systemic inflammation, gut dysbiosis, and intestinal barrier dysfunction also contribute to HE development [17, 33] . Bacterial overgrowth and an impaired gut barrier result in endotoxemia and systemic inflammation. Many studies have demonstrated that systemic inflammation exacerbates encephalopathy and even plays a more important role than ammonia in cirrhotic patients across all grades of HE [22, 34, 35] . Thus, current treatments for HE, including lactulose and antibiotics [14] , and recent clinical studies related to HE, such as researches on proton pump inhibitors [36, 37] , all focus on the mechanisms involved in the gut-brain axis. However, evidence for using beta blockers to treat HE is still lacking.
In this study, we demonstrated that propranolol would decrease the risk of sepsis-related death in cirrhotic patients with HE. Apart from attenuating portal hypertension by blocking beta adrenoreceptors, NSBBs was declared to reduce severity of systemic inflammation in ACLF patients based on the observation of significantly lower white blood cell counts [11] . Furthermore, a meta-analysis of randomized trials and observational studies also found that NSBB could reduce the risk of SBP independent of a portal pressure response [38] . These studies suggested that there are non-hemodynamic effects of NSBB in treating cirrhosis [39] . In a prospective human study, propranolol was shown to ameliorate gastroduodenal/intestinal permeability, reduce bacterial translocation, and decrease serum levels of interleukin-6 by 21% in cirrhotic patients [18] . Another human report even demonstrated a reduction in gastric permeability as early as 10 days following the initiation of propranolol treatment [40] . In addition, propranolol can accelerate intestinal transit, decrease bacterial overgrowth and reduce bacterial translocation in ascitic cirrhotic rats [41] . These beneficial effects of NSBB might explain the reduced sepsis-related death observed in our population-based analysis.
For several decades, NSBBs have been effectively used in the primary and secondary prophylaxis of variceal bleeding in cirrhotic patients with significant portal hypertension [7] . However, this treatment was challenged in patients with refractory ascites or SBP because of the theoretically detrimental effects of NSBBs on the cardiac compensatory reserves and renal perfusion [2, 42] . In a retrospective study, NSBBs were first reported to have adverse survival outcomes in cirrhotic patients with refractory ascites [8] . However, this study was not well-controlled, and patients receiving NSBB had more advanced cirrhosis in addition to more deaths associated with hepatocellular carcinoma. Nevertheless, Mandorfer et al. demonstrated that NSBBs increased the risks for compromised hemodynamics, longer hospitalizations, acute kidney injury, hepatorenal syndrome, and reduced transplant-free survival among cirrhotic patients with SBP [9] . These clinical studies aroused intense discussion about whether or not to refine the therapeutic window for NSBBs in advanced cirrhosis [39, 43, 44] , particularly because other studies showed beneficial effects of NSBBs on complications related to portal hypertension and mortality [45] [46] [47] . The benefits were even observed among patients with ACLF and those listed for liver transplantation [10, 11] . In this study, we observed the survival benefit of propranolol in cirrhotic patients with HE. This effect was possibly mediated via the non-hemodynamic effects of propranolol on the gut-brain axis, which was suggested by the observed decrease in sepsis-related death.
On the other hand, the dosage of NSBBs may also affect the survival of cirrhotic patients. In the study by Sersté T et al. which identified the deleterious effects of NSBB, the mean dose of propranolol was 100 mg per day for patients with refractory ascites [8] . Among them, about half of patients received daily propranolol up to 160 mg. In contrast, the median dose of propranolol that provided benefits to patients with ACLF from the CANONIC study was only 40 mg per day [11] . In another retrospective study among patients with SBP, a high dose of NSBBs (160 mg daily) correlated with a higher risk of mortality than placebo group. However, a low dose of NSBBs (80 mg daily) correlated with increased survival after an episode of SBP [48] . Moreover, a recent nationwide Danish study in decompensated cirrhotic patients also found reduced mortality rates for those prescribed propranolol at a dose less than 160 mg per day [49] . In spite of the positive dose-dependent survival benefits of NSBBs, the highest dose of propranolol prescribed to patients in our treated cohort was only 80 mg per day. Therefore, our result is in line with previous studies, but could not be expanded to the HE patients receiving a higher dose of NSBBs.
A key strength of this study is that we examined information taken mainly from a computerized population-based cohort, which was highly representative and had a large sample size. However, there are several limitations to this study. First, information about several potential confounders was not included in this database, such as status of alcohol consumption and biochemical data. Additionally, important prognostic scores, such as the Child-Pugh score and MELD score, could not be calculated. To avoid possible biases arising from baseline discrepancies, the enrolled patients were matched by age, sex, and the propensity score to ensure the comparability of these two cohorts. Second, the dose obtained from the NHIRD was derived from the filled prescriptions, which might not reflect the actual dose taken by the patients. We assumed that all patients had good compliance with their prescriptions, but this could overestimate the actual ingested dosage. Conversely, some patients might have used self-paid propranolol, and thus been misclassified as non-users. Considering that no specific restrictions exist for prescribing propranolol to patients in the coverage of National health insurance in Taiwan, this misclassification might be minimal and could be ignored. Third, coding errors are possible in any database. We were unable to check the accuracy of either the diagnosis of HE or propranolol use in the NHIRD. However, previous studies using the NHIRD found that the accuracy of diagnoses for stroke (94%) and acute coronary syndrome (100%) were quite high, suggesting that the data provided by the NHIRD is highly reliable [25, 26] . The enrollment of patients who received NSBB for more than 90 days was also designed to prevent drug-coding errors at each medical visit. Finally, the conclusions we drew cannot be extended to a higher propranolol dose because the maximal dose in our study cohort was only 80 mg per day. In addition, our observations cannot necessarily be extended to another NSBB, such as nadolol or carvedilol, because too few cases identified to be assessed that had been excluded from this study. (Before exclusion, the total nadolol and carvedilol users were 75 and 69 patients, respectively).
Conclusions
In conclusion, propranolol use is associated with a better OS in cirrhotic patients with HE in a dose-dependent manner. The risk of sepsis-related death was reduced by propranolol treatment, but circulatory or hepatic failure was not significantly affected. Therefore, the prescription of an optimal dose of propranolol should be considered for these patients. Additional prospective studies are needed to confirm these findings.
